Abstract I outline a referenced empirical approach to the development of groundmotion prediction equations (GMPEs). The technique is illustrated by using it to develop GMPEs for eastern North America (ENA). The approach combines the ENA ground-motion database with the empirical prediction equations of Boore and Atkinson (2008) for the reference region of western North America (WNA). The referenced empirical approach provides GMPEs for ENA that are in agreement with regional ground-motion observations, while being constrained to follow the overall scaling behavior of ground motion that is observed in better-instrumented active tectonic regions. They are presented as an alternative to the commonly used stochastic groundmotion relations for ENA. The motivation of the article is not to supplant stochastic GMPEs but is rather to consider other approaches that might shed light on their epistemic uncertainty.
Introduction
Ground-motion prediction equations (GMPEs), providing estimates of peak ground motion and response spectral amplitudes as a function of earthquake magnitude and distance, are a key input to seismic hazard analysis. These equations allow us to estimate the average ground shaking effects for future earthquakes. In active tectonic regions, GMPEs are most often developed by empirical regression analysis of a database of recorded strong ground motions. An example is the prediction equations developed for shallow crustal earthquakes in active tectonic regions by the Pacific Earthquake Engineering Research Center-Next Generation Attenuation (PEER-NGA) project (Power et al., 2006; Boore and Atkinson, 2008) ; there are many other such examples that have been commonly used in seismic hazard applications in western North America (WNA) (e.g., Abrahamson and Silva, 1997; Sadigh et al., 1997) .
In eastern North America (ENA), the empirical database is not sufficient in the magnitude-distance range of engineering interest to allow direct development of GMPEs by empirical regression techniques. The problem is illustrated in Figure 1 , which compares the ground-motion database available for active tectonic regions (as used by Boore and Atkinson [2008] , in their PEER-NGA equations) with that available for ENA (from Atkinson and Boore [2006] ). Observe that ENA has a significant body of ground-motion data available, but there is a paucity of recordings at close distances (< 50 km) and large magnitudes (M ≥ 6), which is what generally dominates seismic hazard. Because of this lack of critical data, GMPEs for ENA have been developed using a different approach. Almost all GMPEs in use for ENA today are based in whole or in part on a stochastic approach. This approach is model driven, though it is usually empirically calibrated. The most recent example is the ENA prediction equations developed by Atkinson and Boore (2006) (hereafter, AB06) . They used a stochastic finite-fault model to simulate expected ground motions, for both hard-rock and for the National Earthquake Hazard Reduction Program (NEHRP) B/C boundary site conditions (average shear-wave velocity over the top 30 m, V 30 760 m=sec) for earthquakes in ENA. The input to the simulations is a seismological model of the earthquake source and propagation processes, each component of which was derived from empirical data for ENA. The AB06 model thus has a substantial empirical foundation, but the scaling from that empirical foundation to the magnitude-ranges of most interest is inherently driven by the stochastic finite-fault model that underpins the equations. It was demonstrated in Atkinson and Boore (2006) that the AB06 equations provide a reasonable fit to the ENA ground-motion database of Figure 1 overall, but there are some notable exceptions, in particular for high frequencies at intermediate distances. This raises the question of how we may more fully utilize the ENA data in deriving GMPEs and/or in assessing their epistemic uncertainty.
In this article, I outline a new technique that I refer to as a referenced empirical approach to the development of GMPEs. I use the technique to develop GMPEs for ENA. The purpose of this exercise is not to replace the AB06 equations but rather is to provide an alternative model that may help to define their epistemic uncertainty, and to point to areas where the underlying seismological models may warrant further refinement to better fit observations. Alternative equations derived by different techniques provide a more realistic representation of epistemic uncertainty than do alternative equations that were all developed using a common technique. Although I have confidence in the stochastic approach to the development of GMPEs, I believe it is prudent to develop alternative equations using different approaches.
In the referenced empirical approach, the aim is to use empirical data to the largest extent possible. The ENA ground-motion database is used directly to develop suitable regional modifications to empirical ground-motion relations for active tectonic regions. The approach is similar in concept to the hybrid empirical approach of Campbell (2003) in that it is based on making adjustments to empirical equations from other regions. The rationale for such an approach is that empirical equations presumably capture important but complex source and distance scaling effects that are present in the data, but may be missing in a simple seismological model. By making regional adjustments to empirical GMPEs, I anchor my predictions to real experience from other more datarich regions. The difference between the proposed referenced empirical approach and the hybrid empirical approach is that I do not use a stochastic model, or any other seismological model, to develop the regional adjustment factors. Instead, they are derived directly from the target-region groundmotion database.
The Referenced Empirical Approach Basis of the Method
The idea behind the referenced empirical approach is to use the target-region ground-motion database in concert with GMPEs from active tectonic regions in order to make the best use of both region-specific data and global experience from better-instrumented regions. The key inputs are the targetregion ground-motion database and a set of reference equations. In this study, the target region is ENA.
The most important underlying assumption is that the magnitude scaling of ground motions is the same for the target region (ENA) as that exhibited for shallow crustal earthquakes in WNA and other active tectonic regions, as is the overall near-source behavior with distance. Note that al- Intraplate recordings (Atkinson & Boore, 2006) Figure 1. Distribution of response spectra data available for ground-motion studies in active tectonic regions, as used by Boore and Atkinson (2008) , (left) and for ENA, as used by Atkinson and Boore (2006) , (right).
though the scaling is assumed to be similar, no such assumption is made regarding overall levels. The scaling assumption is reasonable based on ground-motion scaling principles and can be verified to some extent over a limited magnitude range (at least from 4 to 6). In particular, the stress drop parameter that controls the high-frequency spectral level is generally considered to be approximately constant in both ENA and WNA over many orders of magnitude, although its average value may be different in the two regions (e.g., Kanamori and Anderson, 1975; Hanks and McGuire, 1981; Boore, 1983; Somerville et al., 1987; Atkinson, 1993; Atkinson and Boore, 2006; Atkinson and Wald, 2007) . In this case, we can use the empirical data for ENA to make modifications to GMPEs from WNA, by deriving appropriate adjustments to reference equations that will modify the overall level of the curves and their shape at larger distances. Adjustments to the overall level can accommodate such factors as regional variations in stress drop and event type, while adjustments to the distance coefficient accommodate regional attenuation. Thus I develop new GMPEs for ENA that are referenced to those that were derived from a larger database, richer in observations at large magnitudes and close distances. The ENA ground-motion database used in this study is taken from Atkinson and Boore (2006) (the response spectral database provided in their electronic supplement); the data distribution in magnitude and distance is shown in Figure 1 , while events are listed in Table 1 . The AB06 database includes peak ground motions and response spectra from moment magnitude M 4.3-7.6, at distances from 10 to > 1000 km, recorded on hard-rock sites (NEHRP A, with V 30 ∼ 2000 m=sec) in ENA. The Bhuj, India, data (M 7.6) are included, as it has been suggested they may be representative of the type of motions expected from large ENA events such as those in New Madrid. However, the applicability of these data is questionable, and the actual amplitudes and site conditions are also less reliable than for the other data sources. Similarly, the applicability of the Nahanni, Northwest Territory, data to ENA is questionable. These factors should be kept in mind when weighting any inferences that depend heavily on these two events. The data are horizontal component or equivalent. For stations where horizontal components were available, both horizontal components are listed. For stations where only the vertical component was available, it was converted to an equivalent horizontal component using a horizontal-to-vertical (H/V) ratio applicable for hard-rock sites (see AB06 for details). The database implicitly gives recorded horizontal components more weight, in that both horizontal components are listed in the database, whereas the converted-vertical component provides a single record per station. This is a simplistic way to make use of all the available data. I restrict the used distance range to < 1000 km, as observations are sparse at greater distances.
I adjust the AB06 data amplitudes to provide equivalent values for NEHRP B/C conditions (V 30 760 m=sec), as this is a standard reference site condition for more active regions. This adjustment is made using information in AB06.
They provided GMPEs for both hard-rock (NEHRP A) and B/C site conditions. The ratio of their predictions for B/C conditions relative to those for A conditions is shown in Figure 2 for selected frequencies. The ratio is a weak function of magnitude and distance for each response spectra frequency (5%-damped pseudoacceleration [PSA]) but depends significantly on distance for peak ground acceleration (PGA) and peak ground velocity (PGV), owing to a dependence of these parameters on frequency content of the signal, which changes with distance. The genesis of these ratios is the difference in seismic impedance between NEHRP A and B/C sites, and its implications for frequency-dependent site amplification, as determined by quarter-wavelength estimates of the net amplification (e.g., . I multiplied each hard-rock ground-motion amplitude (Y A ) in the ENA database by the ratio of predicted B/C motions to predicted A motions (e.g., Y BC =Y A ), as calculated from the AB06 equations, using the applicable magnitude and distance, for the appropriate frequency. This produced an ENA ground-motion database for B/C site conditions (available from the author on request).
It is acknowledged that the conversion of data (or, equivalently, GMPEs) from hard-rock to B/C boundary is a significant source of uncertainty. To maintain internal consistency, it is essential when using the results of this study that the same conversion factors be used. Explicitly, the GMPEs provided in the following discussion are applicable to the B/C boundary. If hard-rock equations for ENA are desired, they need to be generated from the B/C GMPEs by applying the same set of hard-rock to B/C boundary factors that were used to correct the data (as per Fig. 2 ). Provided this is done, the correct predictions for hard rock are ensured, within the framework of the method. However, the correctness of the predicted levels for all other site conditions (B/C and softer) is dependent on the correctness of the factors adopted to convert ground motions from hard-rock to B/C site conditions. For most observations, the magnitudes are small enough, or distances large enough, that the choice of distance metric in the database is unimportant. AB06 used closest distance to the fault, whereas Boore and Atkinson (2008) used the closest distance to the surface projection of the fault (Joyner-Boore distance). I assume, with one exception, that all distances in the ENA database are equivalent to JoynerBoore distance (R jb ). The exception is the Nahanni earthquake observations, for which I obtain the correct R jb distances from the PEER-NGA database, for use as the distance metric (this event has near-source observations, so the distance metric is important). The first step of database preparation is equivalent to that used by Boore and Atkinson (2008) , who applied empirical factors to reduce all observations from the PEER-NGA strong-motion database to the equivalent amplitudes for B/C site conditions prior to their regression analysis.
The reference GMPEs used in this study are the Boore and Atkinson (2008) (hereafter, BA08) relations for shallow Table   1 Regression crustal earthquakes in active tectonic regions, developed in the PEER-NGA project and given for the average horizontal component (orientation-independent) for B/C site conditions. They are selected for their simplicity and convenience. Other reference relations from among the recent NGA equations could also be used.
The site-corrected ground motions for ENA (for B/C site conditions) are used with the reference BA08 equations (also for B/C conditions) to derive residuals, defined as the ratio of observed ENA motions to those predicted by BA08. Figure 3 plots the log (base 10) of the residuals for four selected frequencies as a function of Joyner-Boore distance (R jb ) (where log residual logobserved ENA amplitude logpredicted amplitude from BA07. The residuals define a simple quadratic curve with distance (as shown by the line, determined in the next section). This curve can be fitted and used to define an adjustment factor to the BA08 GMPEs, the application of which will result in referenced empirical GMPEs for ENA. Other curve shapes were also considered, such as functions in log R, or higher-order polynomials in R or log R. A simple quadratic function in R provides the best fit; higher-order terms are not significant.
Fitting the Observed Residuals
In Figure 3 , it is clear that the residuals from two events, the M 5.8 Saguenay earthquake and the M 7.6 Bhuj earthquake, show larger amplitudes relative to those of the other events, especially at higher frequencies (i.e., they are offset from the average curve). This suggests that to most accurately determine the overall shape of the residual trend with distance, we should allow an average-event-residual term to be defined to set the level for each event in the database, while retaining the quadratic shape with distance for all events. This is equivalent to stage 1 of a two-stage regression procedure (as per Joyner and Boore [1993] ) and can be performed using a linear regression with dummy variables in order to extract the average-event-residual term of each earthquake and the distance scaling shape using log A ij
where A ij are the observed ground-motion amplitudes (earthquake i at station j) and E i 1 for earthquake i and 0 otherwise. Table 1 lists the constants (c 0i ) for each event and the distance scaling terms c 1 and c 2 . The c 0i terms are the average event residual for each event. Figure 4 plots the c 0i terms versus magnitude for four selected frequencies. There is no convincing trend with magnitude that persists across all frequencies. It may be argued that there is an apparent trend at 5 Hz, but the data are too sparse at larger magnitudes to be definitive, particularly in light of the questions regarding the applicability of the Bhuj datapoint at M 7.6. Overall, I conclude that the assumption of equivalent magnitude scaling in ENA and WNA was reasonable, though it cannot be entirely confirmed with existing data. Note the high average-eventresidual terms for the Saguenay (M 5.8) and Bhuj (M 7.6) events. These events contribute heavily to the large standard deviation of average-event-residual terms (0:22-0:38 log units) as given in Table 1 . They also contribute heavily to the adjustment factor for PGA, as there are few events in the ENA database for which PGA is available; the PGA adjustment factor is subject to greater uncertainty than that for the other ground-motion parameters for this reason. The quadratic shape function in distance implicitly gives equal weight to all ground-motion observations, which is appropriate in a stage 1 regression versus distance. To define an average level correction (c 0 ) to use for ENA GMPEs, the overall level of the curve could be determined in two ways. One would be based on equal event weighting of the c 0i terms. This prevents undue bias in the equations from well-recorded Table 1 , c 0 ), while the dotted line is the fit using a weighted average of the c 0i terms (c ow ).
events. On the other hand, to give more weight to events that are better-determined, the c 0i terms could be weighted by the number of observations for each event. This is equivalent to the approach taken in the two-stage regression procedure of Joyner and Boore (1993) and Boore and Atkinson (2008) , in which equal-record weighting is used in a stage 1 regression to determine distance dependence and event terms, and a weighted fit is used in a stage 2 regression to determine magnitude scaling. In this case, however, there is no magnitude scaling in the stage 2 regression; we can use either a simple or a weighted average of the c 0i terms. Both of these approaches are taken, to explore the sensitivity of results. An equal event weighting for the defined quadratic shape in distance is derived by calculating the average of the c 0i terms. This average ( c 0 ) and its standard deviation are listed in Table 1 . All observations within 1000 km (approximately) are used in calculating the average event residuals; observations beyond 1000 km are too sparse to allow a robust determination of the residual function in distance and are therefore not used. The weighted average of the c 0i terms ( c 0w ) is also calculated, where the weights are based on the number of observations per event at each frequency; these coefficients are also given in Table 1 . The differences between the average-event-residual terms for these alternative approaches is relatively small (generally < 0:1 log units); thus the weighting of the events is not a critical issue in determining the expected average ground motions.
The equal-event-weighted adjustment factor to predict ENA ground motions from the BA08 equations is given as
where c 0 may be replaced by c 0w if the weighted average is preferred. This function is plotted as the prediction line on Figure 3 (for both alternative values of c 0 ). To produce the referenced empirical ENA GMPEs, we simply add log F to the log amplitude predictions of BA08, or equivalently multiply the BA08 predictions by the factor F. Thus the predicted ground-motion amplitude for ENA, for B/C conditions (Y ENA ), is just
where Y BA07 is the predicted amplitude from BA08 for the corresponding magnitude, distance, and ground-motion parameter in active tectonic regions (e.g., PSA at a given frequency or PGA or PGV). Predictions can be made for an unknown fault mechanism or for the specific applicable mechanism if this is known. Predictions for other site conditions can be easily made using the site response factors of BA08, under the assumption that generic site response as a function of average shear-wave velocity is similar in ENA to that for active tectonic regions.
Evaluation of Results
The derived referenced empirical GMPEs for ENA (equations 2 and 3, with constants to derive F as given in Table 1 ) are plotted at four example frequencies, for M 5.5 and M 7.5, in Fig. 5 , in comparison to the reference GMPEs for active tectonic regions of BA08 and the stochastic GMPEs for ENA of AB06 (all for B/C conditions). An unknown focal mechanism is assumed. The simple average c 0 values are used in these plots; if the weighted averages had been used, the referenced empirical GMPEs would plot very slightly lower (< 0:1 log units). Note that the AB06 distance metric Atkinson and Boore (2006) and this study (referenced empirical) with those for WNA according to Boore and Atkinson (2008) , for M 5.5 and M 7.5, for PSA at 0.5, 1, and 5 Hz and PGA.
is the closest distance to fault. In this comparison, I assumed that the closest distance to the fault equals R jb for M 7.5 (i.e., an M 7.5 would rupture the surface). For M 5.5 the closest distance to the fault should exceed R jb , as small faults will not typically rupture the surface; to represent this in a simple way I assumed that the AB06 predictions for M 5.5 at a distance of 5 km from the fault correspond to the distance R jb 1 km. In other words, I assume that the top of the fault lies about 5-km beneath the surface; the exact distance is somewhat arbitrary as it depends on focal depth and could really be anywhere between R jb 0 and R jb 10. The reference empirical GMPEs are plotted only to a distance of 700 km, as they behave poorly beyond that distancespecifically, they begin to increase in amplitude with increasing distance, owing to the interaction of the distance function in BA08, which is not constrained by data at such distances, with the quadratic in distance of the adjustment function. Thus the reference empirical GMPEs should be truncated at a distance of 700 km.
In Figure 5 it appears that the reference empirical GMPEs are consistent with the AB06 GMPEs in a general sense in the distance range from 10 to 700 km, but they smooth out the pronounced trilinear shape function that is embedded in the AB06 model. The trilinear shape in AB06 models steep observed attenuation of spectral amplitudes in ENA at distances < 70 km, followed by a pronounced Moho bounce effect and a more gradual amplitude decay at larger distances. These trilinear effects are seen clearly in abundant ENA seismographic data compiled from smaller-magnitude earthquakes (M 3-5) (Atkinson, 2004) ; the response spectral data may be simply too sparse to show these effects, or the effects may be smoothed by the combination of events having observations in only some distance ranges. Figure 5 also implies that the near-source amplitudes for large-magnitude events predicted by AB06 may be a gross overestimate, if we consider saturation effects observed near the source in active tectonic regions. Such effects are not modeled in the stochastic relations-although they could be modeled in future by introducing appropriate changes in the source scaling or near-source attenuation model to control amplitudes at near-fault distances (< 10 km). The differences in the reference empirical GMPEs and the AB06 GMPEs as seen in Figure 5 represent a good snapshot of epistemic uncertainty in ground-motion predictions in ENA.
In Figures 6-8, I compare the reference empirical GMPEs and the AB06 GMPEs to the ENA database (all for B/C conditions) for M 5, M 6, and M 7, respectively. In these comparisons, I assume that the top of the fault lies about 5-km beneath the surface for M 5 and M 6 (closest distance to the fault 5 km maps to R jb 1 km). For M 7, two cases are shown: one for surface rupture and one for the top of the fault at 5-km depth. On balance, I conclude that the match of the data with the equations is comparable for the two alternative estimates. The distinct shape predicted by AB06 cannot be discerned in the data, but this may be a consequence of scatter, combined with the effects of plotting a one-unit magnitude range in each figure. Note that there are few to no data to distinguish between the very different predictions from the two sets of GMPEs at close distances and large magnitudes; note also the importance of the assumed closest distance of the fault from the surface in the AB06 predictions for large events (dashed versus solid AB06 predictions in Fig. 8) . The major differences in predictions for large events at close distances may be a fair representation of epistemic uncertainty in this critical magnitude-distance range. In the stochastic model, the shape is driven by the attenuation model, which is not constrained by data at distances < 10 km; rather, the attenuation shape from 1 to 10 km is assumed in the stochastic model predictions to follow that observed from 10 to 70 km (R 1:3 geometric attenuation). While this may be a reasonable assumption, it could potentially be modified by further data or modeling.
Examination of ENA Attenuation Shape
A major issue revealed by the comparison of the groundmotion predictions of the referenced empirical approach to that of AB06 involves the shape of the attenuation function, in particular, the attenuation rate at distances less than 70 km, and whether there is on average a pronounced Moho bounce effect. To examine the shape issue more closely, Figure 9 plots residuals from the ENA referenced empirical equations in the distance range to 200 km. Vertical bars show the hinge points of the AB06 GMPEs at 70 and 140 km. According to the AB06 shape, we would expect to see a negative trend in residuals in the first 70 km, followed by an offsetting positive trend from 70 to 140 km. There is a suggestion of such a trend in the figure (e.g., look at the data for events of M < 5:8 at 1 Hz), but it is of marginal significance when examined statistically. Overall the trends are not statistically significant at f ≤ 2 Hz and are barely significant at higher frequencies. In other words, when we fit a trend line to the data in specific distance ranges, such as 0-70 km or 70-140 km, the determined slope is not significantly different from zero. Furthermore, an attempt to draw out any such shape features by fitting the data of Figure 3 to a higher-order polynomial was unsuccessful (i.e., terms of higher order than the quadratic were not significant). As noted previously, the AB06 shape was derived from a larger database of smaller earthquakes (mostly M < 5), but based on Figure 9 , this shape cannot be confirmed from the limited response spectral database for events of M ≥ 4:3. However, it should be kept in mind that the residuals at very short distances (< 10 km) are all from the Nahanni earthquake; because this event was recorded only at short distances, these residuals must be near zero by definition, and this may have the effect of biasing or obscuring apparent systematic trends of residuals with distance. It is also possible that there are attenuation trends that apply to the smaller-magnitude data that may not be applicable to larger events; this warrants further investigation in future studies. Figure 10 shows the Fourier acceleration data used to derive the trilinear shape adopted by AB06, at one example frequency (1 Hz); it plots the Fourier amplitudes normalized by subtracting the event term (as determined by regression analysis in Atkinson, 2004) for each event. In these data, the steep decay (R 1:3 ) in the AB06 model within 70 km is clearly supported, as is the pronounced Moho bounce. Only a handful of these data points, as indicated by the squares, are also present in the AB06 response spectral database, which focuses on larger events, and does not have good coverage with distance for individual events; for example, the response spectra data for Nahanni come only from near distances, while the Saguenay and Bhuj data come only from regional distances. It may be that the inadequacies of the data distribution in distance in the response spectral database are obscuring the actual attenuation shape.
Another potential source of information on attenuation shape, especially within the critical distance range of < 100 km, for which response spectral data are sparse, is intensity data. Atkinson and Wald (2007) demonstrate that these data contain important information on ground-motion characteristics and may be used to discern differences between eastern and western attenuation rates and relative ground-motion amplitudes. Atkinson and Wald (2007) derive a general attenuation function for the two regions based on intensity data collected by the Did You Feel It? webbased questionnaire of the U.S. Geological Survey (http:// earthquake.usgs.gov/dyfi/ [last accessed March 2008]), which covers distances out to 1000 km. However the Atkinson and Wald attenuation function does not directly address regional differences within the critical distance range of contention here (from 10 to 70 km), as the adopted functional form smooths attenuation trends over a broader distance range. The relative near-distance attenuation rates in the two regions can be examined by analyzing the data compiled by Atkinson and Wald (2007) more closely. There are hundreds of observations within 70 km for each significant event in the database, enabling the attenuation slope of intensity in this distance range to be determined with reasonable confidence for individual events. I use the intensity database compiled by Atkinson and Wald to determine the attenuation of intensity from an epicentral distance of approximately 5 km to approximately 65 km, for well-reported events of M 2.8-5.2 in both ENA and California. I consider only events for which there are ≥ 5 observations to constrain the average 5-km intensity value and ≥ 5 observations to constrain the average 65-km intensity value; there are 18 such events in ENA and 74 such events in California. The 5-km average comes from weighting, according to number of observations, the binned average intensity values at distances at 8 km or nearer, where distance bins 0:3 log units wide were used. The central values of the distance bins included in the 5-km average are 1, 2, 4, and 8 km (log distance values of 0., 0.3, 0.6, and 0.9); this average thus includes all data within 11 km of the epicenter (e.g., the largest distance is 8 × 10 0:15 ). The weighted central distance of the data included in the 5-km average is actually 6 km for the California dataset and 7 km for the ENA dataset. The 65-km value is the average binned intensity at 63 km (the log distance is 1.8) in both ENA and California, where Atkinson and Boore (2006) and this study (referenced empirical) with ENA PSA data for 0.5, 1, and 5 Hz and PGA, all for B/C site conditions, for events of M 5.5-6.5. Note the data are dominated by observations from a single event, the Saguenay earthquake.
the distance bin used in this case is 0:1 log units in width; thus the distance range of observations included in the bin is 56-71 km (the log distance is 1.75-1.85). It is acknowledged that the distances that apply to the determined didyou-feel-it (DYFI) intensity values cannot be precisely determined, as the DYFI measurements are averaged over a zip code area, where the distance is that to the center of the zip code. Uncertainty in the true distances that apply to the DYFI data averages may obscure attenuation behavior, especially near the source. This is an inherent limitation of using the DYFI data to infer attenuation. Figure 11 plots the difference in intensity from the 5-km-distance bin to the 65-km-distance bin (I 5 -I 65 ) for each event against magnitude. The mean drop in intensity from about 5 to 65 km, and its standard error, is 1:69 0:19 in ENA versus 1:42 0:07 in California. Thus the intensity data suggest a steeper attenuation of motion in ENA within 70 km than for California. However, the standard deviation of observations as observable on Figure 11 is large (0.8 for ENA, 0.6 for California), and the ENA average is significantly influenced by a few events with particularly large values of I 5 -I 65 . There are many ENA values for which I 5 -I 65 is comparable to the California average. The observed differences are only marginally significant.
On balance, I conclude that the weight of evidence suggests that the ENA attenuation within the first 70 km is steeper than that in active tectonic regions such as California. However, the fact remains that this is not directly observable in the ENA response spectral database that is available to date. Furthermore, the intensity data are somewhat ambigu- Atkinson and Boore (2006) and this study (referenced empirical) with ENA PSA data for 0.5, 1, and 5 Hz and PGA, all for B/C site conditions, for events of M 6.5-7.6. Note the observations at M > 7 come entirely from the Bhuj earthquake.
ous, indicating a higher average attenuation in ENA within 70 km, but not showing this consistently for all events. Whether this shape will be clearly observed in future earthquakes remains an area of epistemic uncertainty.
Discussion and Conclusions
The referenced empirical approach provides GMPEs for ENA that are in agreement with regional strong-motion observations, while being constrained to follow the overall scaling behavior of ground motion that is observed in better-instrumented active tectonic regions. They are presented as an alternative to the commonly used stochastic ground-motion relations for ENA, in order to partially express epistemic uncertainty in ENA GMPEs. The most important source of uncertainty is whether predicted attenuation shape effects in the AB06 model are in fact observable on average, or whether they are smoothed out as implied (but not proven) by the referenced empirical approach. Amplitude differences due to shape average out over a large distance range (10-500 km) but can be greater than a factor of 2 in some distance ranges, particularly from 40 to 150 km.
There are significant limitations to the referenced empirical approach as implemented here, which could map into sources of error. One potential problem is that fault dimensions for a given magnitude are likely to be smaller in ENA than in active tectonic regions (Somerville et al., 2001) . This could affect the relative relationships of near-source amplitudes and distance decay in ENA as compared to those implicit in the reference GMPEs for more active regions. Furthermore, there may be a greater tendency of events in active regions to rupture the surface, which could affect ground motions-although the conclusion of Boore and Atkinson (2008) was that the significance of this effect is not clearly established. Perhaps most significant among the limitations of the referenced empirical approach is that the ENA response spectra database may be simply insufficient to properly model all the effects that are important. In particular, the difference in the implied attenuation shape between the referenced empirical approach and AB06 is troubling. I believe that the AB06 attenuation model is more robust, as it takes advantage of the great wealth of low-magnitude data that are available; I would therefore give it more weight. The AB06 attenuation model is partially supported by intensity data, in terms of implied differences between ENA and California attenuation on average in the first 70 km. But the issue of relative differences in both amplitude levels and attenuation in ENA versus active tectonic regions clearly requires further study, preferably by directly comparing response spectra between regions in the same magnitude-distance range.
The referenced empirical GMPEs imply that ENA motions (on B/C site conditions) are actually less than those for active tectonic regions such as California at distances from 10 to 70 km at frequencies ≤ 2 Hz and are similar to California motions at 5 Hz. The ENA motions exceed the California motions only for higher frequencies and PGA and for distances > 100 km. (Note: A similar conclusion is reached by comparing AB06 and BA08). This prediction is not in accord with the differences in intensity levels observed in ENA as compared to those in California (Atkinson and Wald, 2007) . It is observed that intensity levels in this distance range are clearly about 1 unit higher in ENA than in California, for events of the same magnitude and distance (Atkinson and Wald, 2007) . Based on typical empirical relationships between intensity and ground-motion amplitude (e.g., Atkinson and Kaka, 2007) , this would imply larger ground-motion amplitudes in ENA than in California by at least a factor of 1.6. The intensity observations are consistent with the referenced empirical GMPEs (or with AB06) only if intensity is controlled by very high-frequency motions (10 Hz and PGA) or if site conditions are systematically different between the two regions, leading to larger average amplification of intensity observations in ENA. Thus there is an unresolved apparent inconsistency between intensity observations and ENA GMPEs.
Differences between the referenced empirical GMPEs of this study and the stochastic GMPEs of Atkinson and Boore (2006) , along with inconsistencies between both of these studies and inferences based on intensity observations, suggests that uncertainty in median ENA GMPEs is at least a factor of 1.5-2 for M ≥ 5 at distances from 10 to 70 km. Uncertainty is greater than a factor of 2 for large events (M ≥ 7) at distances within 10 km of the source. It may be that saturation effects not modeled in the stochastic predictions, but inferred from observations in other regions, cause overestimation of near-source amplitudes from large events in AB06. (2004) (as adopted in AB06), normalized by subtracting the event term for each event (dots). Line shows trilinear attenuation function of Atkinson (2004) . Squares show data points that are also in the AB06 response spectral database. On the other hand, these saturation effects cannot be directly verified in ENA data. It is beyond the scope of this article to fully define the epistemic uncertainty in ENA ground-motion relations, but the factors estimated here provide some initial estimates of how large it may be-probably a factor of 1.5-2 at best.
